In various observational studies, an inverse relation between calcium intake and body weight has been observed. A possible explanation could be an increased calcium excretion through the faeces caused by an increased dietary calcium intake. Objective: To examine whether an increased calcium intake could lead to changes in faecal fat and energy excretion. Design: Four different isocaloric diets with various calcium contents (400, 1200 and 2500 mg from dairy and 1200 mg from calcium carbonate (1200S)) were administered in a crossover design for 7 days each. Subjects: Five healthy men and five healthy women (age ¼ 2872, body mass index ¼ 24.170.4, body fat% ¼ 25.672.4) were recruited by local announcement. Measurements: At the end of every intervention period, faecal samples were collected for determination of fat, energy and calcium content, blood samples were obtained for determination of relevant blood parameters; and fat samples were obtained for measurement of the mRNA expression. Furthermore, resting energy expenditure and fat oxidation were measured with the ventilated-hood technique. Results: We observed a non-significant 56% increase in fat excretion (P ¼ 0.159) on the 2500 mg diet, compared to the 400 mg diet. The 2500 mg diet significantly reduced the expression of fatty acid synthase (FAS) mRNA (Po0.05) and the calcium content of the diets significantly affected calcium excretion. Furthermore, we saw a significant decrease of serum triglycerides on the 1200S diet (Po0.05). Conclusion: In this study, we observed a trend towards a higher fat excretion on the high-calcium diet, but this difference failed to reach statistical significance. It is possible that the relatively high protein content of the experimental diets increased calcium absorption from the intestine, thus decreasing the amount of calcium available for binding to fat and eliminating possible effects of dietary calcium on fat excretion. Furthermore, we observed decreases in FAS mRNA expression and serum triglycerides as a result of a high calcium intake.
Introduction
Since the publication of an epidemiological investigation in which an unexpected inverse relation was observed between dairy and/or calcium intake and body weight, 1 a large number of different types of investigations has been published to study the relation between calcium and body weight. In a number of epidemiological investigations performed in populations with very different characteristics (young women, preschool children, African-Americans and so on) similar effects were observed. [2] [3] [4] [5] [6] [7] A hypothesis was put forth to explain this relationship by Zemel 8 using animal and in vitro studies; The increased concentration of 1,25-OH 2 D 3 caused by a decreased calcium or dairy intake could cause acute increases of the intracellular calcium concentration, 9,10 thus increasing body weight via a decrease in lipolysis and an increase in lipogenesis. 11 To test this hypothesis, obese mice 12, 13 and obese human beings [14] [15] [16] were fed on diets with different concentrations and types of calcium. In some of these studies, beneficial effects of increasing calcium and dairy intake on weight loss were observed, 12, 13, 16 whereas in others no effects were observed. 15, 17 Moreover, no effects of increasing dietary calcium intake on energy expenditure (EE) or fat oxidation were observed in a number of investigations studying humans or rodents in energy balance. 18, 19 Interestingly, in one of these investigations, a marked increase in faecal fat excretion (from 6.0 to 14.2 g/day, when calcium intake was increased by B1250 mg/day) was observed on a diet with a normal protein content. 19 An increased calcium intake could lead to an increased calcium concentration in the intestine, which in turn causes an increased binding of fatty acids and bile acids. This leads to the formation of insoluble calcium-fatty acid soaps, which are excreted through the faeces. An increased faecal fat excretion as a result of an increased calcium intake had been observed previously in a number of investigations; however in these studies, the magnitude of the effect was smaller, with increases of up to 4 g/day. 20, 21 Because the effects of calcium intake on faecal fat excretion mentioned above show quite a large variation, confirmation of the quantitative importance of this mechanism is needed. If the effects on faecal fat excretion were indeed as large as in the study by Jacobsen et al., 19 this would shed new light on the relationship between dairy intake and body weight. So the primary end point of the present study was to investigate the relationship between dietary calcium intake and faecal fat and energy excretion. Furthermore, faecal and urinary calcium excretion were measured as well to determine the effects of calcium intake on calcium excretion. We also determined if possible changes in faecal fat excretion could lead to differences in plasma parameters related to fat metabolism.
To verify the results of our two previous investigations, 18, 22 we also determined resting fat oxidation, EE and adipose tissue mRNA expression of genes involved in fat metabolism as suggested by Zemel.
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Methods
Subjects
Ten healthy subjects (5 men, 5 women), age, 2872, body mass index, 24.170.4, body fat%, 25.672.4 participated in this experiment. The nature and the risks of the experimental procedures were explained to them and their informed consent was obtained.
Experimental protocol
Subjects were studied for four periods of 7 days, during which they consumed four different diets in a randomized order. These diets were weighed and packed at the research facility and given to the subjects for consumption at home (also see diets). Before the start of the first intervention period, a 3-day food questionnaire was used for determination of the habitual dietary intake of the subjects. Furthermore, a medical screening was performed in the morning in the fasting state during which body composition was assessed using hydrodensitometry (also see Testing procedures section) and a baseline blood sample and fat biopsy were obtained for a baseline determination of mRNA expression and relevant blood parameters. Furthermore, measurements of EE and fat oxidation were performed using indirect calorimetry (also see indirect calorimetry).
At the end of every dietary period, another fat and blood samples were collected in the morning in the fasting state; substrate and energy metabolism were also measured using indirect calorimetry. During the last 72 h of each dietary intervention period, subjects collected stool samples for determining fat and Ca 2 þ excretion and faecal energy content. They also collected 24 h samples of urine for determining Ca 2 þ excretion. Every dietary period was followed by a wash-out period of 7 days for the male subjects. Female subjects were studied in the same phase of their menstrual cycle, that is once every 4 weeks. During the wash-out period, subjects were allowed to consume their habitual diets, but they were required to keep their diet constant. During the following three intervention periods, these measurements were repeated.
Testing procedures
Body composition and anthropometric measurements. Before the beginning of the first dietary intervention period, anthropometric measurements were carried out in the fasted state.
Densitometry
Whole body density was determined by underwater weighing in the morning in the fasted state. Body weight was measured with a digital balance with an accuracy of 0.01 kg (Sauter, type E1200) and height was measured to the nearest 0.001 m. Lung volume was measured simultaneously with the helium dilution technique using a spirometer (Volugraph 2000, Mijnhardt).
Indirect calorimetry. Subjects were instructed to report to the laboratory without performing any strenuous exercise after an overnight fast for the indirect calorimetry measurements. Using a ventilated-hood system (Omnical, Maastricht University, The Netherlands), VO 2 and VCO 2 were measured for 45 min at an environmental temperature of 22-241C while subjects were semi-supine. To eliminate the effects of subject Blood samples. After blood samples were drawn they were centrifuged at 4000 g for 10 min; aliquots of ethylenediaminetetraacetic acid plasma were frozen in liquid nitrogen and stored at À801C until further analysis.
Total plasma free-fatty acids (FFA), triacylglycerol, total cholesterol, high-density lipoprotein (HDL) and low-density lipoprotein (LDL)-cholesterol concentrations in the blood samples were measured using standard enzymatic techniques (for plasma FFA: Sigma Diagnostics, St Louis, MO, USA; for triacylglycerol: GPO trinder kit, Sigma Diagnostics; for total, HDL and LDL cholesterol: Cholesterol 100 kit, ABX pentra, Montpeillier, France) automated on a Cobas MIRA centrifugal analyser at 340 nm.
Stool and urine samples. All faeces excreted were collected in preweighed containers during the last 3 days of each diet period. Subjects were provided with dry ice to allow them to freeze their faecal samples immediately. In addition, the subjects completed a questionnaire on daily defecation frequency during every diet period. Before analysis, the samples were freeze-dried and homogenized, and samples from the same diet period were pooled. Faecal energy was determined using a bomb calorimeter (Ika-calorimeter system C4000 Heitersheim, Germany). Before the fat content was measured the samples were acid-hydrolysed with 3 N HCl. Total fat content was measured with a method modified after Bligh and Dyer. 27 The concentration of calcium in the faecal and urinary samples was determined using an ICP-AES analyzer (Varian Inc., Middelburg, The Netherlands).
Quantification of messenger RNAs in human adipose tissue biopsies using RT-qPCR. Total RNA was extracted from adipose tissue biopsies using the RNeasy Mini kit (Qiagen, Courtaboeuf, France). First-strand cDNAs were first synthesized from 200 ng of total RNA in the presence of 100 units of Superscript II reverse transcriptase (Invitrogen, Cergy Pontoise, France) using random hexamer primers (Promega, Charbonnières, France). Real-time (RT)-quantitative PCR were performed on a GeneAmp 7000 Sequence Detection System (Applied Biosystems, Foster City, CA, USA). Ten nanograms of cDNA was used as template for real-time PCR. The thermal cycler parameters for the realtime PCR were 2 min at 501C followed by 40 cycles with 10 s at 951C and 1 min at 601C. For each primer pair, a standard curve was obtained using serial dilutions of human adipose tissue cDNA before mRNA quantitation. A dissociation curve was generated at the end of the PCR cycles to verify that a single gene product was amplified. For uncoupling protein 2 (UCP2), fatty acid synthase (FAS), glycerol phosphate dehydrogenase (GPDH2), hormone sensitive lipase (HSL) and peroxisome proliferator activated receptor-g (PPARg), the Taqman approach was used. Both primers and TaqMan probes were obtained from Applied Biosystems. The probes were labelled with a reporter dye (FAM) on the 5 0 -end. The probe for 18S ribosomal RNA was labelled with the reporter dyes VIC and TAMRA on the 5 0 -end and the 3 0 -end, respectively. For Taqman assays, because of very high specificity of the method, check for non-specific product formation with a dissociation curve is not needed. We used 18S rRNA as control to normalize gene expression using the Ribosomal RNA Control TaqMan Assay kit (Applied Biosystems). All reactions were performed in duplicate.
Diets
During the four 7-day dietary intervention periods, subjects received four different diets for consumption at home. These diets were isocaloric and they consisted of 35% (energy percent) fat, 20% protein and 45% carbohydrate as calculated using the Dutch Food composition chart. 28 The food items in these diets were similar to those regularly incorporated into the Dutch diet, and dietary fibre was matched between the different diets, so the only difference between the four diets was the source and concentration of calcium. The calcium source and concentration of the intervention diets was as follows:
1. Calcium concentration diet 1 ¼ 400 mg/day 2. Calcium concentration diet 2 ¼ 1200 mg/day (low-fat dairy) 3. Calcium concentration diet 3 ¼ 2500 mg/day (low-fat dairy) 4. Calcium concentration diet 4 ¼ 1200 mg/day (CaCO 3 )
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The energy requirements of the subjects were determined by using the Harris and Benedict equations and multiplying the outcome of these calculations by 1.6 to adjust for daily physical activity:
BMR is the basal metabolic rate in MJ/day, H is height in meters, BM is body mass in kilograms and A is age in years. 29 Subjects received a written and oral instruction every time when the diets were handed out, along with a meal-to-meal description of all food items that were to be consumed. All food items were weighed and packed at the research facility and were handed to the subjects on days 1 and 4 of the dietary intervention periods. Subjects were instructed to write down all deviations from the diets and to report all problems immediately to the researcher. Furthermore, compliance to the diets was checked with interviews, and subjects were instructed to return all the items they did not consume on their visits to the research facility on days 4 and 7 of the intervention periods. Those returned food items were not included in the calculation of the total dietary intake during the experimental periods. In general, no major deviations from the diets were reported, that is these deviations did not affect the macronutrient composition and calcium content of the diets.
Statistical analysis
Statistical power analysis and data from previously published, similar research 19 indicated that at least 10 subjects were required to attain a statistical power of 1Àb ¼ 0.90, assuming a difference in faecal fat excretion of 6 g/day between the diets with the highest and the lowest calcium concentration and a standard deviation of 3.5 g/day.
The possible significant differences in faecal and urine parameters, in energy and substrate metabolism, between the habitual and experimental diets and in mRNA expression induced by the four different diets with a repeated measures analysis of variance (ANOVA) and a Scheffé test was used for post hoc analysis. Fibre and fat intake were included as covariates in the analyses of faecal fat and energy excretion. A two-factor ANOVA was used to determine differences in blood parameters before and after the diets. Statistical difference was set at Po0.05.
Results
Habitual dietary intake
The subjects had an average energy consumption of 10.270.9 MJ/day, which was consumed as 17.470.1% from protein, 49.470.3% from carbohydrate and 33.370.2% from fat. The habitual daily calcium intake of these subjects was 11837112 mg, the dietary fibre intake of the subjects was 26.073.3 g/day and the habitual intake of vitamin D was 1.870.4mg/day (Table 1) .
Experimental diets
All subjects completed the three different dietary regimens without any adverse effects of the diets. The average energy intake during the 7 days of the dietary interventions was 10.470.4, 10.570.4, 10.470.4 and 10.470.4 MJ/day for the 400, 1200, 2500 and 1200 s diets, respectively. The experimental diets only differed in calcium concentration (Po0.0001, 400 vs 1200 and 1200 s, 2500 vs 1200 and 1200 s, 400 vs 2500). All the experimental diets contained significantly more protein and less carbohydrates (Po0.001) and significantly more vitamin D (Po0.001) than the subjects' habitual diets (Table 1) .
Metabolic measurements
The relative contribution of fat oxidation to the resting EE was 5776, 5972, 6477, 6076 and 6174% at the screening and at the end of the 400, 1200, 2500 and 1200 s experimental periods, respectively. None of these differences was statistically significant (Figure 1) .
Resting metabolic rate (RMR) values were 8.070.5, 7.070.4, 7.570.4, 6.970.4 and 8.070.8 MJ/24 h at the screening and at the end of the 400, 1200, 2500 and 1200 s experimental periods, respectively and 24 h fat oxidation at these time points was 117719, 10678, 117712, 107713 and 122713 g/24 h. None of these differences was statistically significant (Figure 2 ). 
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Plasma parameters
No differences between the four diets were observed in fasting plasma concentrations of FFA, glucose, free glycerol, HDL cholesterol, total cholesterol, serum calcium and serum 1,25-OH 2 D 3 . A significant decrease in serum triglycerides from 12537201 to 670775 mmol/l was observed in response to the 1200 s diet (Po0.05). All values were within the normal range (Table 2) .
Faecal and urinary parameters
Although a dose-dependent increase in both the faecal energy as well as in the faecal fat content in relation to the calcium intake was observed, these differences were not statistically significant. The faecal energy content of the diets was 571770, 584776, 642785 and 631769 kJ/day, for the 400, 1200, 2500 and 1200 s diets, respectively. The faecal fat excretion was 4.870.8, 7.271.1, 7.571.0 and 6.771.2 g/day for the 400, 1200, 2500 and 1200 s diets, respectively ( Table 3) .
As expected, the total calcium excretion increased with an increasing calcium intake. On the 400 mg calcium diet, a negative calcium balance was observed, whereas on the other calcium diets, a positive calcium balance was observed. For details, see Table 4 .
Adipocyte mRNA expression
The mRNA concentrations in adipose tissue were determined for eight subjects only, because for two subjects, complete sets of biopsies could not be analysed due to a low mRNA yield. A significant decrease in mRNA expression compared to the screening values was observed in response to the 2500 experimental diet for FAS (Po0.05). A trend towards a significant decrease was observed in response to the 2500 experimental diet for HSL mRNA expression (P ¼ 0.078) (Figure 3 ).
Discussion
The primary end point of this study was to investigate the relationship between dietary calcium intake and faecal fat and energy excretion. Furthermore, we also determined the effects of calcium intake on calcium excretion. Third, we investigated if possible changes in faecal fat excretion could lead to differences in plasma parameters related to fat metabolism. Finally, to verify the results of our previous investigations, we also determined resting fat oxidation, EE and adipose tissue mRNA expression.
Although we observed a 56% higher faecal fat excretion when the 2500 mg diet was compared to the 400 mg diet, Differences between the four diets were tested for significance with an ANOVA repeated measures analysis. None of these differences were statistically significant.
Calcium and faecal fat excretion N Boon et al this difference was not statistically significant (P ¼ 0.159). Furthermore, we also observed a non-significant doseresponse relationship between calcium intake and fat excretion. A post hoc power calculation showed that a minimum of 18 subjects would have been necessary to reach statistical significance with the observed differences. Therefore, we did not observe any significant differences because of a type II error (that is, a lack of statistical power), since the effects on fat excretion were not as large as in the previous study on which our a priori power calculations were based (that is, the magnitude of the effects we observed is smaller than in the study of Jacobsen et al., 19 who showed an increase in fat excretion of up to 250% when calcium intake was increased by 1350 mg/day). The smaller fat binding effect of calcium in all four diets might be the result of the high protein content of the diets. To compare the measurements of EE and fat oxidation and the mRNA expression data of the present investigation to our previous experiment, 18 we choose to use the same relatively high protein content as in that study. This high protein content of the diets was chosen to equalize the macronutrient composition of the experimental diets. A high-dairy diet automatically leads to a relatively high protein content. Recently, it has been shown that a high protein intake increases calcium bioavailability, making less calcium available for binding to fat in the intestine. [30] [31] [32] [33] In the investigation by Jacobsen et al., 19 the significant effects on faecal fat excretion were only observed in the high-calcium, low-protein diets. The faecal energy content of the present investigation is comparable to the condition in the study of Jacobsen with a high protein content (that is, 23%), in which they did not observe any effects of increasing calcium intake on fat excretion. Furthermore, the faecal fat concentration in this investigation is in line with previous research. 20, 21, 34 In those studies, the protein content of the diets ranged from 14 to 17%. As expected, the 400 mg calcium diet induced a negative calcium balance (that is, the calcium excretion was 1.5 times higher than the calcium intake), whereas on the other three diets approximately 75-80% of the ingested calcium was excreted through faeces and urine. The significant change in the serum triglyceride concentration on the 1200 s diet is an interesting observation. An increased fat binding in the intestine, which may have an effect on blood lipids, could cause this difference. However, all of the diets induced a lower triglyceride concentration, so it is more likely that the changed macronutrient intake (carbohydrate intake was decreased and protein intake was increased) caused these effects. The change in the 1200 s diet is significant; however, the baseline value is already elevated.
Significant effects of high-calcium or high-dairy diets on postprandial-or 24-h energy metabolism were described in a few recent publications, [35] [36] [37] whereas no effects of calcium and dairy intake were observed in this experiment or our previous studies. 18, 38 However, in those studies [35] [36] [37] the subjects were in a negative energy balance, 36 or the postprandial or acute effects of calcium and dairy intake were studied. 35, 37 During energy restriction, EE is decreased and the potential stimulatory effects of a high calcium intake on energy metabolism 39 could counteract this decrease.
Furthermore, the effects of a high calcium intake could also be more acute (that is, more pronounced postprandially after a high-calcium meal). We studied the effects of calcium on a 24-h energy balance and our subjects were in a neutral energy balance, which could explain the differences in results.
In these previous experiments, we did not observe any effects of changing the dietary calcium intake or of direct manipulations of the serum 1,25-OH 2 D 3 concentration on resting fat and energy metabolism, either. 18, 38 However, strikingly, we observed significant differences in the serum concentration of 1,25-OH 2 D 3 , whereas this was not the case in the present investigation. A possible explanation for this discrepancy could be that the baseline values of serum 1,25-OH 2 D 3 in this investigation were markedly lower than those in our previous investigations. 18, 38 These baseline values were comparable to the values after the high-calcium diets in our previous investigation, which probably prevented a further decline in serum 1,25-OH 2 D 3 on the high-calcium diets. The lower baseline values could not be explained from the present data, although the slightly higher habitual calcium intake of the subjects in this study (1183 vs 1027 and 749 mg/day) may have played a role. However, the low basal levels of 1,25OH 2 D 3 do not explain the absence of differences on the 400 mg diet, so this could also be regarded as an indication of non-adherence to the experimental diets. But the significant differences in calcium excretion and the trend towards a dose-response relationship between calcium intake and fat excretion contradict this and, furthermore, the subjects were closely monitored during the experimental periods. Furthermore, we observed that increasing the dietary calcium intake to 2500 mg/day decreased the expression of FAS mRNA and induced a trend towards a lower expression of HSL mRNA in subcutaneous adipose tissue in the abdominal region. These differences in mRNA expression of FAS and HSL could be markers of a reduced adipocyte differentiation as a result of the high-calcium concentration of the diet. A reduced adipocyte differentiation has previously been observed in vitro in response to a decreased 0.00E+00 5.00E-01 Calcium and faecal fat excretion N Boon et al intracellular calcium concentration, which could be the result of an increased dietary calcium intake. 40 The 2500 mg/day calcium intake meant a significant increase compared to the habitual intake of 11837112 mg/day, which could explain the significant depression of the FAS mRNA expression observed in this study but not in previous ones in which the changes in calcium intake were not significant when compared to the baseline intake. 18, 22 Furthermore, the magnitude of the changes in gene expression in this experiment was comparable to the changes in a previous experiment, 18 but the larger measurement error could explain the absence of significant differences in the earlier experiment. In the other experiment, 22 in which we studied the effects of vitamin D supplementation, the differences in gene expression were much smaller. Nonetheless, the absence of significant changes in the serum 1,25-OH 2 D 3 concentration makes these results puzzling because a change in the FAS mRNA expression would be expected in response to alterations of the serum 1,25OH 2 D 3 concentration according to in vitro models, 39 which could mean that other mechanisms possibly induced the differences in gene expression.
In line with our previous study, 18, 38 we did not observe any differences in the effects between the two conditions with 1200 mg of calcium from calcium carbonate or dairy, indicating that the source of calcium does not seem to affect the bioefficacy. Summarizing the results from this study, increasing the dietary calcium intake in healthy subjects increased the faecal fat excretion by up to 56%, although this difference was not statistically significant. This could be due to a lack of statistical power to detect the observed differences. The effect of increasing calcium intake on faecal energy and fat excretion could also be smaller due to the high protein content of our diets, which may have increased the intestinal calcium absorption, making less calcium available for binding to fat. Increasing dietary calcium intake did increase urinary and total Ca 2 þ excretion and a significant decrease in serum triglycerides was observed in response to the 1200 s diet. Furthermore, we observed a decreased expression of FAS mRNA expression in subcutaneous tissue, but no changes in any of the other parameters we measured.
